fungi and parasites that cause CNSI. The test panel of this assay included more than 100 microorganism species across 45 genera and 30 families. The analytical specificity and sensitivity were examined using a panel of positive reference strains, and the clinical performance was evaluated using 432 clinical samples by comparing the results with q-PCR assays. Our results demonstrated good performance of the RPM-IVDC4 assay in terms of sensitivity, specificity and detection range, suggesting that the platform can be further developed for high-throughput CNSI diagnosis.
Introduction
Central nervous system infection (CNSI) results in significant health and economic burdens worldwide, but the diversity of pathogens makes differential diagnosis very difficult. Encephalitis and meningitis are serious diseases of the CNS, however, their etiology remains unknown in most cases [1] . More than 100 infectious causes have been described, but it is difficult to provide a consensual clinical or biological definition of their syndromes, and it is even more difficult to relate encephalitis and meningitis to a specific agent [2, 3] .
CNSI agents can be found across viral, bacterial, fungal and parasitic taxonomic groups. The clear majority of aseptic meningitis cases are caused by enterovirus (EV) species that mostly target children [4] . In developed countries, the most common and important cause of viral encephalitis is human herpesviruses (HHV), including herpes simplex viruses (HSV-1, HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), cytomegalovirus (CMV) and human herpes virus 6 (HHV6). Most cases (>85%) are due to HSV-1 [2, 5] . Japanese encephalitis virus (JEV) is more likely to cause encephalitis in 1 3 children than in adults, whereas the elderly are more susceptible to West Nile virus (WNV) infection. Subacute sclerosingpanencephalitis results from persistent measles virus (MeV) infection, and progressive panencephalitis may occur many years after congenital or perinatal rubella virus (RuV) infection [6, 7] . Neisseria meningitidis, Haemophilusinfluenzae and Streptococcus pneumoniae are the leading causes of bacterial meningitis [8, 9] . Many other microorganisms, including fungi and parasites, are related to CNSI, but are far less common.
Traditional methods for identification of CNSI agents are based on culture, and although reliable and familiar, have a series of drawbacks. Pathogen culture can be time consuming and a significant proportion of microorganisms are not amenable to culture. Moreover, facilities are needed to assure safety and containment of the high-risk agents. Molecular methods such as PCR and real-time fluorescent quantitative PCR (q-PCR) may provide rapid identification based on nucleic acid amplification techniques (NAAT). Compared with culture-based assays, NAAT are more rapid, sensitive and appropriate for the identification of non-culturable pathogen serotypes [5] . However, most PCR/q-PCR methods in use are optimized for the detection of a single or a limited number of targets. Although sensitive and specific, they are not appropriate for the detection of multiple and varied pathogens. As CNSI agents are numerous, it is therefore highly desirable to develop a method that achieves simultaneous detection of multiple agents that cause similar clinical syndromes and/or share similar epidemiological features of encephalitis and meningitis.
The resequencing pathogen microarray (RPM) is a promising technology that allows simultaneous detection of many infectious agents. Thousands of synthesized oligonucleotide probes are covalently fixated on glass-or silicon-based high-density microarrays. The nucleic acid is amplified using specific PCR, followed by purification, fragmentation and labelling. The labeled sample is then injected into the RPM and hybridized overnight in the hybridization oven. Short fluorophore labeled DNA fragments (20-200 bp) , which are derived from the samples, hybridize to these probes. After washing and staining on the fluidics station, the microarrays are scanned to calculate the C3 fluorescence signal value, then pathogen-specific sequence information is produced as FASTA-format output files [10, 11] . The sequence information produced by RPM allows high-resolution pathogen identification and near-neighbor discrimination, which makes RPM suitable for outbreak investigations caused by atypical or uncommon pathogens. Several RPM assays have been developed as diagnostic platforms to effectively and simultaneously detect large numbers of diverse clinical or environmental pathogens [11] [12] [13] [14] [15] [16] [17] [18] , but no RPM assay has been reported for the identification of CNSI pathogens.
In this study, we describe the development of an RPM method (RPM-IVDC4) for the simultaneous detection of CNSI agents, including viruses, bacteria, fungi and parasites. The detection panel of RPM-IVDC4 listed in Table 1 consists of more than 100 microorganism species from 45 genera and 30 families. The analytical specificity and sensitivity were examined and the clinical performance of the RPM-IVDC4 assay was evaluated by comparing the results with related q-PCR assays. 
Material and methods

Samples
Nucleic acid extraction
Total nucleic acids were extracted from 150 μL of CSF using the MasterPure Complete DNA and RNA purification kit (Epicenter Technologies, Madison, WI) according to the manufacturer's instructions. Purified DNA and RNA were stored at −80 °C.
Primer design and internal control
In total, 214 pairs of gene-specific primers were designed for the RPM-IVDC4 by the Institute of Viral Disease Control and Prevention (IVDC) and TessArae LLC. The detailed sequence information of primers and probes are presented in the supplementary material. For each pathogen, primers and probes were designed according to criteria described previously [19] . In brief, the uniqueness of primers was checked using a full search of the GenBank database with the BLAST program. To minimize the possibility of primer dimerization and to help ensure sufficient amplification, six independent multiplex primer cocktails/pools were developed for amplification of targeted sequences represented in the RPM-IVDC4 microarray.
Of the six multiplex primer cocktails, which are shown in Figure 1 , Mix I was dedicated primarily to bunyaviruses, paramyxoviruses and rhabdoviruses; Mix II to flaviviruses; Mix III to picornaviruses and retroviruses; Mix IV to arenaviruses, togaviruses, retroviruses and herpesviruses; Mix V Viral taxonomic information was retrieved from the International Committee on Taxonomy of Viruses (ICTV) database. The bacterial, fungal and parasite taxonomic information was retrieved from the NCBI Taxonomy database. A total of 214 pairs of species/genus specific primers were designed based on the genomes of the pathogens in Table 1 . The detailed sequence information is presented in the supplementary material Fig. 1 The RPM-IVDC4 work flow. Total nucleic acids were extracted from 150 μL of CSF samples and the RNA transcribed to cDNA. Six independent primer cocktails/pools were used in multiplex PCRs, and the products were pooled together and subjected to purification. Purified PCR products were fragmented for 5 min and then labeled for 30 min. Microarray hybridization and processing was carried out at 49 °C according to the manufacturer's recommended protocol. The raw image files obtained from scanning of the microarrays were converted into FASTA files using TessArray Sequence Analysis (TSEQ) software. The data were analyzed using a bioinformatics cloud server and the final diagnostic reports were sent back to the RPM operator to bacteria; and Mix VI to fungi and parasites. The strategy of temperature switch PCR (TSP) [20] was applied in this RPM assay and one pair of universal primers was adapted from our previous studies [14, 21] . The chimeric primers consisted of a gene-specific sequence fused at the 5ʹ-end to the universal tag sequence, thus, all the chimeric primers had similar annealing temperatures to assure the same approximate amplification efficiency. Two Arabidopsis thaliana genes, NAC1 and TIM, were selected as internal negative controls, as these plant genes would be unlikely to occur naturally in clinical samples [22] .
Reverse transcription and multiplex PCR
A reverse transcription using SuperScript III (Invitrogen LifeTechnologies, Carlsbad, CA) was performed using random hexamers in a total volume of 20 μL before six targeted multiplex PCR assays (Primer Mixes I to VI). Each multiple PCR amplification was performed using 2. 
RPM-IVDC4 processing
The products from the six multiplex PCR tubes were pooled together and subjected to purification (Qiagen). Purified PCR products were fragmented for 5 min and then labeled for 30 min. Microarray hybridization and processing were carried out at 49 °C according to the manufacturer's recommended protocol (Affymetrix Inc., Santa Clara, CA) using a GeneChip resequencing assay kit (Affymetrix Inc.). The raw image files obtained from scanning of the microarrays were converted into FASTA files using TessArray Sequence Analysis (TSEQ) software. A FASTA output file was subjected to alignment with corresponding detector tile sequences, which are prototype sequences that represent portions of the genomic DNA/RNA of a targeted organism. The quality of the sequence was evaluated by the "C3 Score", which is the total number of TSEQ-identified nucleotides that appear in runs of three or more consecutive (non-N) base calls, expressed as a percentage of the length (nucleotides) of each RPM-IVDC4 detector tile sequence [23, 24] . The data were analyzed using a bioinformatics cloud server and the final diagnostic reports were sent back to the RPM operator.
Analytical specificity and sensitivity
The primer specificity of RPM was tested with 40 previously confirmed positive CNSI samples, among which 33 were viral-positive and 7 were bacterial-positive. For the remaining pathogens (for which positive samples were unavailable), we artificially synthesized the target DNA from their genome sequence. Thus, all the primers and probes of the RPM were tested. A subset of 14 samples from these 40 positive samples was selected to evaluate the limit of detection (LOD) of the RPM assay. The quantitative recombinant plasmids (for DNA viruses and bacteria) or in vitro transcribed RNA (for RNA viruses) were prepared as we have previously described [25] . Ten-fold serial dilutions of these RNA/DNA templates with known copy numbers (20 to 200,000 copies/μL) were used to evaluate the LOD of the RPM assay.
Clinical evaluation
A total of 432 samples were tested simultaneously by RPM assay and q-PCR. The primers and probes were adopted from reported q-PCR methods for the detection of EV [26] , HSV 1 and 2, VZV, EBV, CMV and HHV 6 [27] . All statistical analyses were performed using Statistical Package for Social Sciences software. The 2 test and McNemar's test were conducted to measure the sensitivity, specificity, and the detection agreement of the RPM and q-PCR assays.
Results
The RPM assay could discriminate and identify all the reference strains listed in Table 2 except for rhinovirus (RV). All the artificially synthesized DNAs, which represented unavailable positive samples, were mixed together and tested using the RPM; no cross-reaction was observed. The analytical sensitivity of the RPM assay was evaluated using serial 10-fold dilutions of in vitro transcribed RNA or DNA clones. The LOD ranged from 20 to 200 copies/reaction for mono-sample, and 20 to 2000 copies/reaction for mixedsamples (Table 2) .
Results were obtained for 432 clinical CSF samples (Figure 2) , with positive results determined in 118 cases (27.31%) using the RPM, including 93 positive for EV (80.87% of positives; 21.53% of the total); 10 for JEV (8.47% and 2.31%); 2 for HSV-1 (1.69% and 0.46%); 2 for CMV (1.69% and 0.46%); 2 for HHV-6 (1.69% and 0.46%); 1 for EBV (0.85% and 0.23%); and 1 for MuV (0.85% and 0.23%). There were mixed infections in seven cases (5.93% and 1.62%), including 5 EV and JEV, and 2 EV and EBV. Thus, among mixed infections, 7 EV, 5 JEV, and 2 EBV infections were identified. No cases were found for HIV, MeV, TBEV, RuV, WNV, JCV, HSV2, VZV or AdV infections.
For HSV1, HSV2, VZV and CMV, the detection results by RPM-IVDC4 coincided with those obtained from the parallel q-PCR assays. For EV, EBV and HHV6, the RPM detection sensitivity was 100% and the RPM assay detected five more cases of EV infection, one more of EBV, and one more of HHV6 than by q-PCR (Table 3 ). In addition, the RPM assay detected 15 cases of JEV infection and one of MuV infection, which were not included in the q-PCR panel. For the aforementioned 23 cases not detected by q-PCR, true positives were confirmed by monoplex PCR followed by Sanger sequencing.
Discussion
The RPM platform has proven successful for the identification and characterization of numerous clinical pathogens including avian influenza, rhinoviruses, enteroviruses, and arboviral virus, as well as pathogens in environmental samples [12, 13, 22, 23] . In this study, we developed and evaluated RPM-IVDC4 for the identification of viral, bacterial, fungal and parasite pathogens known to cause, or to be related to, CNSI.
This study demonstrates that the RPM-IVDC4 platform can achieve highly-sensitive and specific detection of multiple CNS disease agents in a single test. A properly designed multiplex PCR strategy is essential to improve the performance of the RPM because the hybridization process is already standardized. The specificity test using 40 known positive samples demonstrated the capability of the RPM-IVDC4 to discriminate among different CNSI pathogens. As the primers and tiles for EV were designed according to the 5ʹ-untranslated region (UTR), the RPM could not discriminate RV from EV, which is the same situation as with the q-PCR assay. In our study, the use of TSP technology maintained target enrichment and mitigated amplification bias among different primer pairs. LOD experiments showed that the RPM-IVDC4 could detect as little as 20 copies/reaction of targeted genes, which is comparable to other reported methods and meets diagnostic requirements [14, 21] . As we described above, the RPM-IVDC4 was designed to detect a broad range of pathogens (Table 1) in a single specimen. Thus, in addition to the common CNSI agents, this method also allows the detection of low-prevalence or emerging infectious agents. For example, arenaviruses, bunyaviruses, Anaplasmataceae, Mycoplasma and Rickettsia, not commonly present in CSF or universally distributed, were included in the RPM-IVDC4 panel. In addition, the RPM-IVDC4 was designed to amplify several different gene targets from one microorganism to improve detection rates. With multiple primer pairs and tiles per pathogen, the sequences of two or more separate regions of one pathogen were amplified and hybridized. For example, the 3ʹ-UTR and NS5 regions were detected simultaneously using specific primers for the identification of WNV; as many as nine gene targets, including aroE, gyrB, mecA, luk-PV, e-toxA, e-toxB, e-toxC, alpha-tox and TS-tox, were tiled on the microarray to detect and identify Staphylococcus aureus. Compared to q-PCR or other conventional methods, the main advantage of RPM-IVDC4 is the enablement of more comprehensive detection of CNSI pathogens. As shown in the Table 1 , almost all common CNSI pathogens were included in the test menu of RPM-IVDC4, and some atypical/uncommon CNSI pathogens could also be detected by this method. By amplifying highlyconserved sequences using multiple primers, a greater number of positive cases could be detected with RPM than by q-PCR. For example, as variation in the 5ʹ-UTR is sufficient to allow accurate identification of groupings of EV [22] , we designed 19 primer pairs specific to this region. As shown in Table 3 , the RPM reported five more EV-positive cases than the equivalent q-PCR assay. Although both methods targeted the 5ʹ-UTR for EV detection, the 19 sets of primer pairs and probes in the RPM undoubtedly provided a greater probability of oligonucleotide matching than the one set (as is used in the reference q-PCR), resulting in higher clinical sensitivity for the RPM. Similarly, one more EBV, and one more HHV6, mistakenly defined as cases with unclear etiology by q-PCR, could be successfully identified by RPM. Thus, we conclude that the RPM array maximizes the likelihood of hybridization of primers to conserved regions within a given viral genus/family, demonstrating an effective strategy for detecting highly-variable or uncharacterized viruses.
In addition to the multiplicity, the RPM-IVDC4 generates sequence information concerning pathogen variation and achieves greater discrimination among subtypes, while none of the available commercial assays provide pathogenspecific sequence information [11] . This characteristic not only makes RPM a powerful identification tool, but also allows pathogens to be phylogenetically categorized based on their genetic variation in the same assay [28, 29] .
Our laboratory has established several microorganism identification methods using Roche 454, Illumina or Ion torrent platforms [30] [31] [32] . Having compared the throughput, multiplicity, complexity, time-cost, reagent-cost and labor-cost of RPM and next-generation sequencing (NGS) to perform similar clinical studies, we found that the RPM is more convenient and sufficient to meet the needs of pathogen identification. Although the library construction and sequencing process of NGS are becoming easier as reagent kits are now commercially available, the bioinformatics analysis remains a complex and time-consuming hurdle that requires a high level of expertise. In contrast, the primers and probes for RPM are predetermined, relating to critical regions of sequence of the targeted pathogens, and thus require very little bioinformatics expertise among the operators [11] .
Of the 432 clinical samples tested in the present study, positive samples accounted for 27.31% (118/432). No pathogen was detected in 314 (72.69%) samples, indicating testing the CSF alone is not sensitive enough for CNSI diagnosis. To maximize the detection rate of CNSI agents, we recommend that both NAAT and antibody studies are used together. CSF testing generally allows a definitive result, but testing of other sample types such as blood, throat swabs, feces and skin biopsies may also provide additional diagnostic information. The causative agent in 'test-negative' clinical samples might represent a known or variant microorganism, previously not associated with CNSI, or indeed a completely unknown pathogen. Failure in detection might also be attributable to the limited sensitivity and specificity of currently used methods or suboptimal sample collection time. As is the case with other PCR-based methods, the disadvantage of RPM is the prerequirement for knowledge of the microorganism's genome sequences. To overcome the disadvantages of RPM, NGS could be used to identify potential causative agents in testnegative samples, as unbiased sequencing enables identification of all pathogens in a single run.
The current RPM-IVDC4 assay showed good performance in terms of sensitivity, specificity and detection range, suggesting that the platform can be developed further for high-throughput CNSI diagnosis. However, automation must be considered to optimize the RPM design or process. In its current format, the RPM-IVDC4 assay for 24 samples can be finished within 12 h with a combination of manual and automated processes. To decrease the assay time and reduce 'hands-on' user error, the RPM should be adapted for full-automation. The difficulty lies in the trade-off between automation and the risk of nucleic acid contamination. 
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